Abstract: In order to improve arc welding work in a small enclosed workspace, numerical simulations were conducted to find the most appropriate welding and ventilation conditions, such as welding currents, hood position and flow rates with no blowhole formation. In the simulations, distributions of airflow vectors and fume concentrations were calculated for two hood opening positions: one faced a welder's breathing zone, the other a contaminant source. As a result it was predicted that a hood opening facing a breathing zone remarkably lowered the fume concentration in the breathing zone compared with that facing a contaminant source. The reliability was confirmed in CO 2 arc welding experiments in the enclosed workspace by using a welding robot. In addition, the number of blowholes in welds, examined with x-ray, decreased with the increase in the welding current and with the decrease in the exhaust flow rate. These results showed that the fume concentration near welder's breathing zone and the number of blowholes could be reduced effectively by appropriate selection of the welding current and hood position, and it was confirmed that the numerical simulations were sufficiently useful to predict these appropriate welding conditions.
Nomenclature

C
Mass concentration C 1 , C 2 Density shield with excessive suction flow into an exhaust hood, resulting in deteriorated quality of welded materials 6) . In the last decade, several studies have proposed new designing and installing methods and related factors for LEV designing based on computer-aided numerical predictions [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , but no evaluation of an optimal exhaust flow rate has been taken for defect-free welding operations. Development of a new method for LEV designing is eagerly required in order to reduce the concentration of fumes without such defects in welding operations.
In the present study, the influences of hood position, flow rates and welding currents were examined with regard to the prevention of blowhole formation and effective reduction of the fume concentration in a welder's breathing zone by numerical simulations and by experiments. The purpose of this study is to provide a useful numerical simulation method for the installation of LEV systems for welding work in a small enclosed space.
Method
For the numerical simulations and experimental confirmation of the results, a small enclosed welding space was set up in laboratory. Welding was carried out by a welding robot. Figure 1 shows the schematic diagram of the welding workspace. The size of the workspace is 1.5 m × 1.5 m × 1.4 m (3.15 m 3 ). At one side, the wall is opened from the bottom to a height of 0.9 m. In the opposite wall, a tapered round exhaust hood 0.3 m in diameter can be installed at various heights. The welder's breathing zone was determined to simulate a situation in which a welder is 
Introduction
Gas-shielded arc welding is often performed in small, enclosed workspaces such as assembly components, in the shipbuilding industry and in the bridge-building industry. In these workspaces, welders are commonly exposed to high concentrations of airborne contaminants, welding fumes and gases, compared to open workspaces. It is known that inhalation of the welding fumes and gases causes some respiratory diseases or disorders. In Japan, welder's pneumoconiosis has been one of the serious occupational diseases 1, 2) . To reduce fume concentration and protect welders, mechanical ventilation is required in addition to a respiratory protector. A local exhaust ventilation (LEV) system is one of the appropriate choices to improve the welder's environment and has been commonly used.
Conventional LEV systems have been basically designed by the empirical concept considering capture velocity and centerline equations 3, 4) , but such LEV systems have sometimes encountered a problem with defect formation in welds, so-called blowholes 5) . Exhaust hoods are commonly positioned in the vicinity of a contaminant source in such a conventional LEV, by which blowholes are apt to be generated. Blowholes are caused by disturbance of gas-operating in a squatting position in the workspace.
Numerical prediction
Governing equations
The convective heat transfer is given by the following equations:
In equation (2), an extended form of Boussinesq approximation was applied to describe the body force induced by fluid density fluctuation due to a steep thermal gradient. Energy equation (3) was coupled with eqs. (1) and (2) because welding operation involves heat emission due to electric discharge. It was assumed that radiation of heat flux from welding materials and surrounding walls is negligible. Heat emission from the welding arc develops a buoyancydriven turbulent field around. In this study, we adopted the k-ε turbulence model described in the following equations 15) .
The two production terms, P k and G k in eqs. (4) and (5), are given as follows:
The turbulence kinematic viscosity v t is related to the turbulence variables in the following equation:
The k-ε turbulence model has the advantage of wellcontrolled numerical stability, relative simplicity and success in providing accurate predictions over a wide range of turbulent flow situations 9, 10) , including buoyancy-driven turbulent flow 14) . The particle sizes of welding fumes suspended in the airflow are small enough to be of sub-micron order in equivalent Stokes diameter 16) . Since the relaxation time of such small particles is extremely short, it can be presumed that velocity will be adjusted almost instantly to air velocity. It was therefore assumed that the mass of welding fumes per unit volume of polluted air C can be subject to the following equation 13, 17) :
The empirical constants of C µ , C 1 , C 2 , σ k , σ ε , σ c and σ T are as follows 15) :
Finite element analysis Figure 2 shows the finite element (FE) mesh used in this study. Only a half of the workspace was meshed with hexahedral isoparametric elements due to symmetry as shown in Fig. 1 . The size of a meshed grid was determined empirically considering computational efficiency and stability. The total numbers of elements and nodes were 64120 and 65762, respectively. The velocity correction method 18, 19) was adopted for equal-order interpolation functions. The pressure is obtained implicitly from the In time integration, it is known that the forward Euler method generates negative diffusivity due to its second order truncation error. To prevent the deterioration of accuracy, the balancing tensor diffusivity (BTD) scheme 20, 21) was applied. The FE-discretized unsteady state equations were solved iteratively to obtain steady state solutions. The convergence criterion for steady state solutions is based on the temperature variable T as follows:
where N is the number of nodes and n is the iteration number. The time increment was given as 1.0 × 10 -3 seconds.
Boundary condition
The boundary conditions applied in the numerical simulations are shown in Tables 1 and 2 . The turbulent energy dissipation at the outflow of the virtual duct end ε out was given as a function of the turbulent energy at the end k out (=0.05 · (outflow velocity) 2 ) as follows:
The outflow velocity profile was obtained by measurement at the corresponding cross section of the exhaust duct in the experimental welding workspace (Fig. 3) . The determination of boundary conditions in the vicinity of the heat source requires careful consideration. Although the temperature at the arc is supposed to be typically between 4000 and 6000°C 22) , the exact temperature is not known. To determine it, extensive research and a lot of equipment would be required. Moreover, measurement of the total amount of fume emission is difficult. In this study, the fume concentration, vertical velocity and temperature of a welding plume were selected as boundary conditions around arc points on the assumption that they were supposed to be equivalent to the welding condition characterized by a welding current. The word 'plume' is used in this paper as the general meaning of a cloud of smoke or dust which rises into the air. The fume concentration (C s ) near a contaminant source was measured at a point 0.10 m above the arc point by using a low volume air sampler as the possible nearest point to the 
The fume concentrations (C s ) at a source obtained by the measurements for welding fume concentration using a low volume air sampler (see Table 2 ). *2: The vertical velocity (u s ) of a plume and the plume temperature (T s ) were given by the deflection study (see text, Table 2 ).
Industrial Health 2000, 38, 356-365 arc point to prevent the capture of spatters. The welding plume temperature (T s ) was calculated by applying deflected values to the equations proposed by the American Welding Society (AWS) 23) . The deflected values, produced experimentally by applying various cross drafts, were measured at several heights of a plume. The vertical velocity (u s ) of a welding plume was calculated from the Bender's equations by using the obtained value for T s 24) at a point 3.0 × 10 -2 m above the arc point where the width of a plume ascending diffusively equals that of a welded bead. These boundary conditions were imposed on nine nodes that constitute the central portion of the surface of a steel plate on the assumption that an arc point does not move.
Calculation of the fume concentration in the welder's breathing zone
The welder's breathing zone was defined as a pseudocubic space above the heat source of a welding steel plate ranging from 0.45 m to 0.75 m in height with a bottom size of 0.2 m × 0.2 m. The welding fume concentration averaged over the breathing zone was obtained by averaging the concentration for all nodes included in the breathing zone.
Experiments
CO 2 -shielded arc welding was conducted by a welding robot (ARCMAN-RON; Kobe Steel Ltd.) which was set up in the workspace shown in Fig. 1 , welding a mild steel plate 0.2 m × 0.2 m × 0.01 m in size. The welding machine was operated automatically according to preset programs. In the experiments, a solid wire (MG-50T; Kobe Steel Ltd.) 1.2 mm in diameter was selected. The flow rate of the CO 2 -shield gas was 20.0 l/min. The welding experiments were repeated, changing hood position, welding arc current and the exhaust flow rate (Table 3) . Welding fumes were sampled at the center of the breathing zone during the entire welding period to examine the concentrations. The sampling was conducted by means of a low volume air sampler with a sampling speed of 20.0 l/min. After the experiments, x-ray examinations were conducted by a metalworking company to look for blowholes in all the welded mild metal plates. X-ray photographs were taken to count the number of blowholes.
Results
Numerical prediction
Various patterns of airflow and fume concentration were obtained by numerical simulations changing the study conditions shown in Table 3 . Figure 4 shows four sets of The solid circle represents air velocity at the duct surface, presumed to be zero based on the no-slip condition (see Table 1 ).
examples showing airflow vector maps and contour maps of welding fume concentrations in the XY plane (see Fig.  2 ) in the steady state solutions. For visual simplicity, equiconcentration lines were drawn for every 2 mg/m 3 ranging from 0 to 14 mg/m 3 . The area higher than 14 mg/m 3 was expressed by means of a gray color. A typical case of exhaust flow rate deficiency is shown in Fig. 4 . In Fig. 4 (c) and (g), on the other hand, the ascending flow of the welding plume was captured without fail by the hood-induced suction flow increased to 0.28 m 3 /s. A region of high concentration was seen only underneath the hood opening. The fume concentrations were less than 2.0 mg/ m 3 at most points in the welder's breathing zone. Figure 4 (b) and (f) shows a typical case of insufficient capture of welding fumes when the exhaust hood faced the contaminant source. The fume concentration ranged from 2 to 10 mg/ m 3 in the welder's breathing zone. In Fig. 4 (d) and (h), however, the ascending flow of welding plumes was without fail captured with an excessive exhaust flow rate of 0.28 m 3 /s which may cause blowhole formation. Figure 5 shows the average welding fume concentrations in the welder's breathing zone. With the same welding current and exhaust flow rate, the average fume concentration was higher when the hood opening faced the welder's breathing zone than when the hood opening faced the contaminant source. Although no apparent difference in the fume concentration was found between the two different hood positions at a welding current of 150 A, an increase in the welding current from 200 A to 300 A resulted in a greater increase in the fume concentration when the hood opening faced the contaminant source than when the hood faced the welder's breathing zone. A consistent reduction in the average welding fume concentration was seen in the increase in the exhaust flow rate with the same welding current, which was independent of the hood position. The average fume concentration increased with the increase in the welding current, which was also independent of the hood position.
Experimental examination
The fume concentrations predicted by the present simulation are plotted against the measured values in the welder's breathing zone (Fig. 6 ). Both sets of data showed good correlation for each exhaust flow rate.
Representative x-ray photographs taken of welded beads are shown in Fig. 7 . The numbers of blowholes detected per unit of area are shown for three different exhaust flow rates (Fig. 8) . The number of blowholes was higher for the hood opening facing the welder's breathing zone than for facing the contaminant source. A consistent increase in the number of blowholes was observed with the increase in the exhaust flow rate at the same welding current, which was independent of hood position. With the same exhaust flow rate, the number of blowholes increased with the increase in the welding current.
Discussion
In the present study it was confirmed that hood position had a significant effect on both the fume concentration near Open and solid symbols show the data for the hood opening facing the breathing zone (BZ) and the contaminant source at three levels of welding current. Alphabets at symbols mean the condition shown in Table 3 . The dashed line shows the ACGIH TLV-TWA for welding fumes. the breathing zone and blowhole formation. In practical welding workspaces, complete capture of contaminants just after emission in the vicinity of a source is almost impossible and the cost is too high. In small enclosed spaces, insufficient exhaust flow may cause a rapid increase in the overall fume concentration. It was predicted by numerical simulations that when a hood opening is positioned to face a welder's breathing zone, the hood suction flow could control the fume concentration effectively to lower levels and prevent contaminants from passing through the breathing zone. This could be achieved with the less exhaust flow rate. Moreover, we were able to increase the distance between the arc point and the hood opening, which resulted in a reduction in blowhole formation.
The welding current greatly affected the fume concentration in the breathing zone. Tsuji et al. (1991) reported that the capture efficiency of a ventilation system decreased with the increase in the amount of heat emission 14) , which coincides with our finding. Ojima et al. (2000) , however, reported no correlation between the welding current and fume generation 26) . Our results for the fume concentrations measured in this study showed that the amount of fume generation increased with the increase in the welding current (Table 2) . However, the amount of fume generated may depend not only on the welding current but also on the kinds of metallic elements included in the welding wire and welding material. To generalize the correlation between the welding current and the amount of fume generated, further studies of examining other examples would be necessary.
The present results of simulations and experiments showed that the welding current affected air velocity at an arc point for defect-free ventilation. In a welding process, the large amount of heat emission generates a buoyancy-driven ascending flow. When the welding current increases, an intensified ascending flow can be induced near the arc point, which needs an increase in air velocity to capture the welding fumes. As described below, however, the recommendations by the Japan Welding Engineering Society (JWES) and ACGIH only indicate air velocity in an arc-off period and do not take into consideration the magnitude of the welding current. JWES recommends that air velocity should be controlled to 0.3-0.5 m/s of suction flow velocity at an arc point for bead-on-plate arc welding 6) . ACGIH simply warns that velocities above 0.5-1.0 m/s may disturb shield gas 5) .
On the basis of the present study, the authors consider that welding conditions such as welding current and kinds of wire, etc. have to be taken into account in order to determine the exhaust flow rate.
In conclusion, numerical simulations and experiments proved that an exhaust hood installed at the height of a welder's breathing zone could reduce both the fume concentrations and number of blowholes more effectively than when installed at the contaminant source. Moreover, it was found that the fume concentration in a welder's breathing zone correlated negatively with the number of blowholes. These findings show that appropriate running conditions for a LEV system for welding work in a small enclosed space have to be determined by taking account of welding conditions, such as the welding current and blowhole formation. For that purpose, a numerical simulation, e.g. the method employed in this study, is very useful. 
